Abstract-Avalanche breakdown characteristics are essential for designing avalanche photodiodes. In this letter, we investigated the effects of adding Ga to Al 1−x Ga x As 0.56 Sb 0.44 quaternary alloys. Using p-i-n diodes with a 100-nm i-region and alloy composition ranging from x = 0 to 0.15, we found that the bandgap energy of Al 1−x Ga x As 0.56 Sb 0.44 reduces from 1.64 to 1.56 eV. The corresponding avalanche breakdown voltage decreases from 13.02 to 12.05 V, giving a reduction of 64.7 mV for every percent addition of Ga. The surface leakage current was also found to be significantly lower in the diodes with x = 0.10 and 0.15 suggesting that Ga can be added to reduce the surface leakage current while still preserving the lattice match to InP substrate. The data from this letter can be downloaded freely.
I. INTRODUCTION
A VALANCHE photodiodes (APDs) are widely used in optical communication system, imaging and sensing applications because their mean avalanche gain factor, M, enable them to provide higher overall sensitivity than that from conventional PIN photodiodes. As reverse bias, V , approaches avalanche breakdown voltage, V bd , the APD's gain approaches infinity.
The avalanche gain is the end product of successive impact ionization events, in which an ionizing carrier gives up part of its energy to create a pair of free electron and hole. At high avalanche gains, however, the APD's bandwidth decreases with gain and its avalanche noise (characterized by excess noise factors, F) increases with gain. These characteristics ultimately determine the useful operating conditions of an APD. When designing APDs, the minimum amount of information required therefore includes V bd , M(V ), F(M) and the limit imposed by tunnelling current. The first three pieces of information are usually obtained experimentally from appropriate test structures, because accurate simulations for these demand accurate impact ionization coefficients and threshold energies, which themselves have to be deduced from experimental V bd , M(V ), and F(M).
AlAs 0.56 Sb 0.44 (lattice-matched to InP substrates) is a wide bandgap semiconductor material being investigated as an avalanche material for 1310 and 1550 nm wavelength APDs. It offers very small temperature coefficients (i.e. good thermal stability) [2] and very low F(M) characteristics [3] . Since high composition of Al is known to be vulnerable to oxidization, which could lead to problems in reliable device fabrication, it is worthwhile to study avalanche characteristics of its related quaternary material, Al 1−x Ga x As 0.56 Sb 0.44 , which is likely to have less surface oxidation [4] .
In this work, we carried out experiments to accurately determine avalanche breakdown characteristics of Al 1−x Ga x As 0.56 Sb 0.44 for x = 0 to 0.15. The test structures were p-i-n diodes with thin avalanche layers to maximize usefulness of the results, given the emphasis on high bandwidth APDs which generally require thin, rather than thick avalanche layers. In addition, due to a lack of experimental reports, this work included experimental confirmation of minimum bandgaps, E g , of Al 1−x Ga x As 0.56 Sb 0.44 .
II. EXPERIMENTAL DETAILS
Four Al 1−x Ga x As 0.56 Sb 0.44 (hereafter referred to as Al 1−x Ga x AsSb) homo-junction p-i-n diodes, with x = 0, 0.05, 0.10, 0.15, were grown on InP substrates by molecular beam epitaxy. Each of the four wafers consists of a nominal w = 100 nm Al 1−x Ga x AsSb i-layer, sandwiched by a 300 nm p + Al 1−x Ga x AsSb cladding layer (Be doping density of 2×10 18 cm −3 ) and a 100 nm n + Al 1−x Ga x AsSb cladding layer (Te doping density of 2×10 18 cm −3 ). The epilayers were capped with a 100 nm p + InGaAs and a 1000 nm n + InGaAs contact layers for good ohmic contact. Lattice matching of the Al 1−x Ga x AsSb epilayers to InP was confirmed by post growth high resolution X-ray diffraction (XRD) measurements. Estimated Sb composition were 42.8, 46.7, 44.4 and 44.1 % for the x = 0, 0.05, 0.10, 0.15 wafers, respectively. The largest lattice mismatch (x = 0.05 wafer) was <0.24 %.
The wafers were fabricated into circular mesa diodes with diameters, D, of 400, 200, 100 and 50 μm by standard photolithography and wet chemical etch. Ti-Au was used for both p and n metal contacts. Surface passivation was not performed in this work.
All measurements on the fabricated mesa diodes were performed at room temperature, unless otherwise stated. Avalanche gain as a function of reverse bias measurement was performed, using a continuous-wave 543 nm wavelength HeNe laser to produce photocurrent flowing through the diode-under-test. Phase-sensitive detection of the photocurrent (chopped laser beam and lock-in amplifier) was employed to minimize the influence of dark current and background noise on the photocurrent. The laser wavelength was chosen to ensure sufficient photocurrent. Care was taken to ensure light is injected in the optical window to avoid photogenerated carriers at the sidewall. Detailed knowledge of the laser light absorption profiles, essential for experimental work deducing ionization coefficients, are not necessary for this work. To yield M, the photocurrent was normalized to primary photocurrent estimated by extrapolating from the photocurrent at low reverse bias [5] . Extrapolating the inverse avalanche gains to zero (i.e infinitely large M) gave values of V bd .
Experimental confirmation of bandgaps of the Al 1−x Ga x As 0.56 Sb 0.44 compositions used in this work relied on spectral response measurements of the diodes. These were obtained using a 100 W tungsten halogen lamp, a monochromator, and a diffraction grating with 400 nm blaze wavelength. The system response of the spectral response setup was calibrated using a commercial Si photodiode (S5973-02).
III. BANDGAP
There is no relevant experimental report on minimum bandgaps of Al 1−x Ga x As 0.56 Sb 0.44 . Since AlAs 0.56 Sb 0.44 is an indirect bandgap material [6] , the minimum bandgap of 1.65 eV observed in quantum efficiency data of [7] is its X valley bandgap, E X g . Using E X g values of 1.65 and 1.23 eV for AlAs 0.56 Sb 0.44 and GaAs 0.56 Sb 0.44 valley [6] , respectively, linear interpolation was carried out to estimate E X g values for our samples, which are summarized in Table I .
Analyses of our responsivity versus photon energy, R( ω), data obtained from the diodes at 0 V, shown in Fig. 1 , allowed us to assess accuracy of the values from interpolation. The responsivity values are generally low due to the attenuating effect of the top InGaAs contact layer. In our structures, the 100 nm thick InGaAs layer absorbs a significant portion of the incident light in the wavelength range measured. However the photogenerated carriers in the InGaAs layer will not contribute significant photocurrent due to the large bandgap mismatch to AlGaAsSb. Consequently the measured responsivity values are low and do not represent the actual responsivity value that can be obtained from the AlGaAsSb diodes. As Ga composition increases, the responsivity curve shifts to smaller photon energy, corresponding to narrower bandgaps. When ( ω − E g ) → 0, R ∝ α, where α is the absorption coefficient, because drift current becomes dominant in the total photocurrent measured. From [8] and [9] , the absorption coefficients for direct and indirect bandgap materials are
and
respectively, where ± is the phonon energy. Linear extrapolations of R 2 (for E g ) and R 1/2 (for E X g ) over different portions of the data to the photon energy axis are shown in Fig. 2 and the E g values obtained are shown in Table I . With less than 2 % difference between our E X g and the interpolation values (possibly caused by slight variation in the Sb composition and excluding the phonon energy), there is now a set of E g values available for analyses in the main work of V bd . Fig. 3(a) shows the experimental C-V results and fitting carried out using 3-region electrostatic model. Due to the thin avalanche layer, the diodes are fully depleted at 0 V. Extrapolation of 1/C 2 at small forward bias suggests the built-in potential, V bi , of 1 to 2 V. Assuming relative dielectric constants, ε r , in Table II , the C-V fitting yielded estimates on doping densities and w, which are summarized in Table II . The relative dielectric constants were deduced through interpolation between values for AlAs [10] , AlSb [11] and GaAsSb [12] . Electric field profiles, assuming the upper value of w at breakdown voltage for the four wafers are compared in Fig. 3(b) .
IV. AVALANCHE BREAKDOWN VOLTAGE
Forward and reverse dark I-V data cover diodes with four different diameters, with multiple diodes for a given diameter. Analyses of the forward I-V data produced series resistances of 60 to 115 and ideality factors of 1.7 -1.8 for all four layers, suggesting that the measured forward currents are dominated by recombination currents.
For reverse dark I-V data, for a given diode's junction area, the measured dark current reduces as Ga composition increases. Analyses of dark current densities from differentsized diodes (not shown here) indicate that, for all wafers, the measured dark currents contained significant surface leakage current, because the data do not scale with device area. For clarity, only the dark currents of 400 μm devices from all four samples are shown in Fig. 4 . Assuming dark current breakdown condition as reverse dark current of 1 mA, the dark current's V bd reduces with increasing Ga composition. It is unlikely that the values of V bd obtained from dark current data are affected by series resistances in these diodes (which are not excessive), but edge breakdown (at the mesa surface) remains a possibility. More accurate values of V bd were obtained from avalanche gain data, which are shown in Fig. 4 . Breakdown voltages deduced from the dark current and avalanche gain are in agreement, suggesting an absence of edge breakdown on these devices.
The values of V bd obtained from avalanche gain data are plotted in Fig. 5 . V bd decreases from 13.02 to 12.05 V, as x increases from 0 to 0.15, producing a reduction of 64.7 mV for every percent of Ga added. These are compared to experimental values of V bd from Al 1−x Ga x As p-i-n diodes with nominal w = 100 nm [13] , [14] , also shown in Fig. 5 .
Bandgap values for Al 1−x Ga x AsSb (Section III) and Al 1−x Ga x As [15] , [16] are plotted in the right axis of the same figure. Both materials exhibit decreasing V bd with increasing x, which corresponds to decreasing bandgap. This is not surprising because, in general, smaller bandgap materials have higher ionization coefficients for a given electric field. Hence for a given avalanche layer thickness, a smaller voltage and hence electric field is required to reach avalanche breakdown.
V. CONCLUSION
Four Al 1−x Ga x As 0.56 Sb 0.44 p-i-n diode wafers with Ga composition of x = 0, 0.05, 0.1, 0.15 were grown and characterized. Values of V bd for the p-i-n diodes were determined and they decrease with increasing Ga composition, due to decreasing energy band gap. The band gap (direct and indirect) values were estimated from experimental photoresponse results. In addition, the p-i-n diodes' dark current characteristics exhibited a strong dependence with Ga composition, with lower surface leakage current for diodes with higher Ga content.
